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ABSTRACT 

We investigate the effect of a disc-driven jet on the accretion growth of cosmological 
supermassive black holes (SMBHs). The presence of a jet enhances the mass growth rate 
because for a given luminosity, the mass accretion rate, M a , is higher (or equivalently, the 
radiative efficiency e t is lower for a fixed M a ) than that predicted by standard accretion disc 
theory. As jets carry away very little of the accreting matter, a larger proportion of the rest 
mass can reach the black hole during episodes of jet activity. We show quantitatively that the 
conditions required to grow a rapidly spinning black hole to a mass » 1O 9 M by redshift 
z ~ 6, whilst satisfying the observational constraint e r >0.1, are considerably less restrictive 
for jet-enhanced disc accretion than for standard disc accretion, which requires implausibly 
high super-Eddington accretion rates. Furthermore, jet-enhanced accretion growth offers a 
viable explanation for the observed correlation between black hole mass and radio-loudness 
of quasars. 



1 INTRODUCTION 



JSoltanl 1 19821; lYu & Tremaind | 2002l: I Elvis, Risaliti & Za moranil 



The discovery o f over twenty quas a rs at r e dshift zi 5. 7 (e.g. 
iFan et. alj |2000|. 12001 al \20oj 120041 l2006al; [ Gotol l2006h. with 
masses estimated to be ; 1O 9 M 1 Barth et. all 2003 : Vestergaarcj 
|2004 IJiang et. alj[2006al : iKurket. alj|2007l) , challenges our cur- 
rent understanding of the early universe at the epoch of galaxy for- 
matio n. The highest redshift quasar, SDSS 1148+3251 (Fan et. al.1 
2003), with z ~ 6.43 (corresponding to a cosmic time / = 0.87 Gyr 
assuming the standard ACDM concordance cosmology), is thought 
to harbour a black hole of mass M. a a few x 10 9 M e (Fan et. al. 
20031: iBarthet. al.l [20031 ; IWillott, McLure & Jarvisll2003l : iHaimanl 



120021 : lAller & Richstond 120021 : 



Marconi et. al. 



2004). This is an 



2004). This poses a significant constraint on viable black hole 



growth mechanisms. 

In ACDM cosmology, dark matter halos merge heirarchi- 
cally, with black holes merging and accreting in the gaseous cen- 
tre (s e e e.g. IVolonteri & Rees 2005; Shapiro 2005; Hopkin s~et. al.l 
2006; iLi et. alj 2007). During mergers of host galaxies, the nu- 
clear black holes can coalesce or be ejected due to gravitational 
wave recoil. Gravitational recoil does not signifi cantly impede 
black hole growth if accretion is Eddington-li mited dHaimanl2004l ; 
IYoo & Miralda-Escudel2004l : IVolonteril2007l) . Coalescence should 
produce a lin ear relation between the halo mass and the black hole 
mass (see e.g. Haenhel t. Nataraian & Reesll9 98). However, the ob- 
served relation betwee n the black hole mass and the bulge velocity 
dispersion of galaxies jFerrarese & Merrill 12000) suggests instead 
that ongoing, sustained accretion, rather than coalescence as a re- 
sult of mergers, is the primary process governing black hole growth. 

An important constraint on accretion growth models is that 
the mean radiative efficiency e r must be sufficiently low to maxi- 
mize the amount of matter accreted onto the black hole and min- 
imize the amount of rest mass energy lost to radiation. How- 
ever, the observed ratio of the quasar/ AGN luminosity density to 
the local SMBH mass density (at redshift z< 5) requires e r > 0. 1 



empirical, model-independent lower limit. Since standard disc 
accretion onto a S chwarzschild black hole has a radiative effi- 
ciency 6 r « 0.06 dNovikov&Thomd")l973l). it has been argue d 
(e.g. lElvis. Risaliti & Zamoranil d2002h : lYu & Tremaind d2002h ; 
Barg eret. all (12005)) that the Soltan relation implies that quasars 
harbour Ke rr black holes . Indeed, models of cos molgical black hole 
evolution (Thorne 1974; Volonteri et. al. 2005) and merger-driven 
accretion ddi Matteo. Springel & Hernquistll20()5l) . constrained by 
the evolution of the luminosi t y fun ction of quasars (see e.g. 
Hopki ns. Richards & Hernquistl ( I2007I) ). indicate that quasars un- 
dergo rapid spin-up. Furthermore, these models show that in or- 
der to grow cosmological black holes from an initial seed mass 
to that of a quasar by z;3, the amount of material accreted 
in a single accretion episode must be quite large. This acts to 
rapidl y spin-up the black holes o f massive high-redshift quasars 
(Volonteri, Sikora & Lasota 2007), contrary to the suggested low- 
spin scenario. We note, howev er, that models fo r low-spin black 
holes have also been proposed fang et. alJ|2005l ; lKing & Pringld 
120061) . 

The radiative efficiency of a maximally spinning accreting 
black hole is » 40%, which is too high to grow a SMBH by z ~ 6, 
unless implausibly high, super-Eddington accretion rates are in- 
voked. Observations indicate that the dimensionless mass accretion 
rate, m = L/L&a, where L^i = 4nGM.fim p c/cr-T is the Edding- 
ton luminosity, is lim ited to m < 2 at redshifts approaching z ~ 6 
( Hopki ns et. al . 2006). Thus, it is difficult to reconcile standard disc 
accretion growth of cosmological, spinning SMBHs with the obser- 
vational constraints e r ;0. 1 and m - 1. 

Mergers produce large-scale gravitational instabilities which 
can funnel gas down to the galactic core where it can be accreted 
dMihos & Hemquist|[l994llbl) . In order for efficient disc accretion 
to proceed, another process must facilitate the transport of angu- 
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lar momentum on smaller scales. Numerical simulations demon- 
strate that the effective viscosity produced by magnetohydrody- 
namical turbulence, generated by the magnetorotational instabil- 
ity, is insufficient to account for the very high mass accretion rates 
inferred i n the most powerful accreting sources, such as quasars 
dHawlevI l200(il; IStone & Pringlel 1200 ll; lHawley. Balbus & Stone! 
I2001L lHawlev & Balbusl I2OO2I ; iKing & Pringld 120071) . unlessa 
large-scale, systematic poloidal field is present i n the accretion flow 
dSteinacker & Henningl 1200 ll: ICampbelll 120031: iKigure & Shibat j 
120051: ISalmeron, Konigl & Wardlell2007l ). In this case, a magne- 
tized jet forms and the overall mass accretion rate increases con- 
siderably as a result o f enhanced angular momentum t ransport and 
negligible mass loss dKuncic & Bicknellll2004l 12007 dlbh . This cre- 
ates auspicious conditions for efficient mass growth of black holes. 

Approximately 6 0% of all AGN display outflow phenomena 
dGangulv et. all 120071) . Relativistic outflows in particular are a 
characteristic feature of accreting SMBHs. X-ray observations 
of galaxy clusters indicate that substantial amounts of mechan- 
ical energy may be deposited into the intracluster medium by 



powe r ful AGN jets (see e.g. Birzan et. al. 20041; Allen et. all 



120061: lFabian et.al.ll2006l: iRaffertv et. al.l 120061: iTavlorl 120061) . If 
some fraction of the total accretion power is converted to jet 
kinetic power, then e, is lower than that predicted by standard 
disc accretion for a given M a . Hence, the black hole growth rate 
for jet-enhanced accretion is larger. Existing accretion growth 
models simply set the total accretion efficiency e a equal to the 
radiative efficiency e r and thereby do not take into account the 
conversion of accretion power into non-radiative form (e.g. 
mechanical energy). Relativistic jets, in particular, can carry 
away a substantial amount of kinetic power but very little mass. 
Furthermore, the positive correlation between radio-loudness and 
black hole mass dLaodbOOd: lLacv et. alJl200ll;lMcLure & Dunloi 



20021; lOshlack Webster & Whitind |2002|; IWoo & Urrvl 
Dunlop et. all 120031: iMarziani et. all 120031: "[s hield 



unlop 
20021; 



Shields et. all 

20031; iMcLure & Jarvisl |2004 iMetcalf & Magliocchettil 1200a 
Liu. Jiang & Gul 12006), suggests that jet-enhanced accretion 



growth results in more massive black holes. 

In this paper, we quantitatively determine the effect of jet- 
enhanced accretion on the cosmological growth of SMBHs. In Sec- 
tion|2]we present results for a jet-enhanced accretion growth model. 
We discuss the implications of these results inland give conclud- 
ing remarks in Section|4] 



2 JET-ENHANCED ACCRETION 

The black hole mass growth rate is given by (see e.g. IShapirol2005l) 

^ =(1-*)* (1) 
at 

where e a is the total accretion efficiency and M. is the black hole 
mass. The efficiency of conversion of rest mass energy to radiation 
is 

L 



6r 



(2) 



M a c 2 

where L is the luminosity. Existing accretion growth models simply 
set e r = e a and hence do not take into account the conversion of 
accretion power into non-radiative forms, such as kinetic power in 
a relativistic jet. The total accretion efficiency should thus be more 
accurately expressed as 



where ej is the jet efficiency (see I Jolley & Kuncidl2 008). 

Accretion power can be converted to jet power via a magnetic 
torque that acts over the disc surface and vertically transports angu - 
lar momentum and energy from the disc dKuncic & Bicknelll2004h . 
The rate at which work is done against the disk by the magnetic 
torque is dJollev & Kuncicll2008l) 



dr 



(4) 



where /1 (r) and f 2 (r) are dimensionless functions of the disk radius, 
r, is the innermost stable orbit, and and B z are the azimuthal and 
vertical components of the magnetic field, respectively. Note that 
a large scale poloid al field is required to produce jets in numeri- 
cal simulations (e.g.lSteinacker & Henningl 2001: Campbel l2003l : 
IKigure & Shibatall2005l) . 

A non-zero q = P-JM^c 2 can enhance accretion growth be- 
cause jets transport angul ar momentum and thus give rise to a 
higher mass accretion rate dKuncic & Bicknelll20040 . For a fixed e a 
(or a fixed L), this mea ns that e r is lower. The ac cretion efficiency 
e a for a relativistic disc dNovikov' & Thorne 1973) evolves with the 
dimensionless spin a = J/M. of the black hole, where J is the spe- 
cific angular momentum. The large amounts of material that must 
be accreted t o form a z ; 3 quasar leads to ve ry rapid spin-up of 
a black hole dVolonteri. Sikora & Lasotj|2007h . Thus, we take the 
spin a and hence, the accretion efficiency e a , to be approximately 
constant with time. If the average radiative efficiency and hence, 
average e s , are also approximately constant, then the time evolution 
of black hole accretion growth is 



M.(t) = M.(f )exp 



(1 - e.,) AnGm v 
(t-t ) m 



<X T C 



(5) 



e, + e. 



(3) 



where M,(t Q ) is the initial mass of the black hole. Cosmological 
simulat ions suggest seed black holes with M.fa) =s 600M e at 
z » 2 5 dMadau & Reesl200ll ; IOmukai & Pallj2003l ; lYoshida et. al.l 
120031) . 

Figure [T] shows the dependence of the final mass of a black 
hole on the fraction of accretion power removed by a jet for dif- 
ferent values of the spin a and Eddington ratio m. Standard disc 
accretion, which neglects vertical transport of angular momentum 
and energy by magnetized jets, corresponds to the case ej/e a = 0. 
The presence of a jet results in a higher final black hole mass than 
the standard disc accretion model. The shaded regions in Fig.Qjin- 
dicate values of ej/e a where e r > 0. 1, as implied by observations of 
the ratio of th e AGN and q uasar luminosity density to the SMBH 
mass density dSoltartll982f) . Fig. Q] shows that in order to grow a 
SMBH of mass M. w 10 9 M o by z ~ 6, a standard disc (ej/ea = 0) 
requires a low spin, a < 0.75, or highly super-Eddington accre- 
tion, m » 2. The presence of a jet significantly relaxes these con- 
straints: Eddington-limited accretion can grow a rapidly spinning 
(with a = 0.98) black hole to M. w 10 9 M o by z ~ 6 and maintain a 
radiative efficiency e r x 0. 1 if there is a jet that removes two-thirds 
of the accretion power. 

Figure [2] shows the black hole accretion growth evolution as a 
function of z for 25 > z > 6 for different values of m and a. The 
solid curves are for jet-enhanced accretion growth with the largest 
possible fractional jet power eje a , corresponding to e r = 0.1. The 
dotted curves correspond to accretion growth via a standard disc 
(i.e. ej = 0). The shaded region indicates where e r > 0.1. Jet- 
enhanced accretion growth is evident in all cases, with the most 
enhancement occuring at high a and m>l. Note that for plausible 
physical parameters, black holes cannot grow to masses ss IO'Mq 
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Figure 1. The effect of jet driven accretion on the final mass of a black hole at z = 6 growing from an initial mass M.(to ) = 600M Q at redshift z = 25 for 
different values of the dimensionless spin a and corresponding accretion efficiency e a , as shown. The parameter £j/e a is the fractional accretion power removed 
by a jet. The solid line is for an Eddington ratio m = 2, the dotted line is for m = 1 and the dashed line for m = 0.5. The shaded areas indicate regions where 
the radiative efficiency is e r > 0. 1 . 



by z ~ 6 for sub-Eddington accretion rates even in the case of jet- 
enhanced accretion (Fig. 12 left column). 



For Eddington-limited accretion (Fig. [2j middle column), a 
black hole of » 10 9 M Q at z ~ 6 can be formed for jet-enhanced ac- 
cretion (solid line) provided a < 0.95. By comparison, standard disc 
accretion at the Eddington rate (dashed line) requires an even lower 
spin a < 0.75, which is difficult t o reconcile with the rapid spin evo - 
lution of high-redshift quasars ( Volonteri, Sikora & Lasota: |2~007l) . 
For super-Eddington accretion with m = 2 (Fig. [2j right column), 
standard disc accretion still requires the spin to be below 0.95 to 
grow a 10 9 M G black hole by z ~ 6, whereas jet-enhanced accretion 
achieves this for all spins up to a = 0.999. Clearly, the presence 
of a jet can substantially relax the requirements for growing cos- 
mological SMB Hs. The rapid evolution of black holes to a near- 
maximal spin jThomd[l97i I Volonteri et~ai]|2005l) poses a serious 
problem to standard disc accretion, which cannot grow high-spin 
SMBHs rapidly enough without invoking implausibly high super- 
Eddington accretion rates. For example, m = 4 is required by the 
standard model to grow a M. * 10 s M Q black hole with a = 0.999 
by z = 6. Jet-enhanced accretion requires just m = 1.3, with two 
thirds of the accretion power in this case used to power a jet, thereby 
reducing the radiative efficiency to e r = 0.1. 



3 DISCUSSION 

The presence of a jet can greatly enhance the black hole mass 
growth rate because for a given mass accretion rate, the radia- 
tive efficiency is lower than that of a standard disc. Or equiva- 
lently, the accretion rate is higher for a given luminosity. This 
arises because jets enhance angular momentum transport; the ad- 
ditional accretion power, which depends on the accretion rate, 
drives the jet. An important constraint for jet-enhanced accretion 
growth of black holes is the average jet efficiency over the life- 
time of th e rapid growth phase (At ~ 0.7 Gyr). Recent stud- 
ies (s ee e.g^Binney, Bibi & Omma 2007; Kording ? Jester & Fended 
l2007h suggest relativistic jets can remove well in excess of half 
the total accretion power (i.e. 6j/e a ;50%), implying they are an 
"all or nothing" phenomenon. When combined with the estimated 
~ 18% duty cycle for quasa r activity for M. > 10 9 M o and z J 2 (see 
Wang, Chen & Zhans 2006 and references therein), this suggests a 
lower limit to the fractional jet power of <ej)/e a > 10%. For a black 
hole with a = 0.99 (e d ~ 0.29), this gives (5); 0.03, consistent 
with the value independently derived bv lHeinz. Merloni & Schwab! 
J2007I) . This implies that, on average, accreting black holes liberate 
most of their energy in the form of radiation rather than jet kinetic 
energy. However, black holes grow faster during jet-active phases 
because mass accretion is enhanced and we argue that such rapid 
growth episodes are necessary to explain the most massive cosmo- 
logical black holes. 
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Figure 2. The black hole mass evolution as a function of redshift. The left column is for the case m = 0.5, the middle column is for m = 1, and the right 
column is for m = 2. The top row is for a dimensionless spin a = 0.750 (corresponding to an accretion efficiency e a = 0.12), the second row is for a = 0.950 
(e a = 0.20), the third row is for a = 0.990 (e a = 0.29) and the bottom row is for a = 0.999 (e a = 0.39). The solid line corresponds to the maximum possible 
value of 6j/e a such that e r = 0.1, and the dotted line is the case without a jet i.e. £j/e a = and e r = e a . The shaded areas indicate regions where the radiative 
efficiency is e r > 0.1. 
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If the quasar duty cycle extrapolates to high z, then we predict 
jet-enhanced accretion to grow a ss 10 9 M o black hole by z ~ 6 
for lit < 3. For comparison, standard disc accretion would require an 
accretion rate that is at least 30% higher. Furthermore, this may be 
an overly conservative estimate if jets were more prevalent at high z 
and hence, the quasar activity duty cycle was higher. Existing data 
suggest that jets were indeed more common at z ~ 2 than today, but 
the radi o luminosity function at z i 2 is still no t well constrained 
(see e.g. lWillott et. al.ll200ll : lLiu & Zhandl2007l) . 

For a x 10 9 M o accreting black hole with a = 0.99 (e a « 0.29) 
and <ej) = 0.03 the average accretion rate needed to produce a lu- 



minosity L = 3L E 



4 x 10 ergs with an average radiative 



efficiency (e r ) = 0.26 is = 25M Q yr . The average jet power is 
(P s ) s 4 x 10 46 ergs~', which a grees well with jet k inetic pow- 
ers inferred observational ly (e.g. Merloni & Heinzl [20071 : see also 
ICelotti & G hisellini 2007 for a z ~ 5.7 jet). As jets have ra diative 
efficiencies typically ; 1% (see e.g. lMerloni & H einz 2007), virtu- 
ally all the kinetic energy is deposited into the ISM or ICM. Over 
the rapid growth phase (At » 0.7 Gyr), the average total energy 
deposited is (P\At) « 10 63 erg. This is consistent with the strong 
lower limit of 10 60 erg inferred from X-ray cavities in rich cluster 
cores (Birzan et. al. 2004; B innev. Bibi & Omnia ^OOTl) . 

Finally, we can check whether spinning accreting black holes 
in AGN remain consistent with observations of the X-ray back- 
ground (XRB) by matching the exp ected mass density o f relic black 
holes deduced from the XRB (see lMarconi et. af]|2004l and refer- 
ences therein), 



Pxrb = (4.7 - 10.6) x 



1 ~ fe.) 
9<e,-> 



x 10 5 M Mpc~ 3 



(6) 



to the local bl ack hole mass density P bh = (4.4 - 5.9) x 
10 5 M o Mpc~ 3 dGraham & Driver! 120071) . iMarconi et. ail J2004h 
show that pxrb is compatible with p BH without requiring radiative 
efficiencies considerably higher than ~ 0. 1 . Although they used an 
earlier estimate of p BH with a slightly broader ran ge, their result still 
holds for the more restrictive rang e deduced by Graham & Drive j 
d2007h . However, as pointed out by Ma rconi et. al.l d2004l) . if some 
of the accretion energy emerges in non-radiative (i.e. mechanical) 
form (i.e. e a t e r ), then it is possible to place some constraints on 
the mean accretion efficiency (e a > and thereby the mean spin of ac- 
creting black holes in the AGN population. We do not expect the 
mean black hole spin across the whole AGN population to be nec- 
essarily as high as that of the high-z population. Indeed, pxrb and 
Pbh can be compatible with each other and with the Soltan relation, 
(e r );0. 1, if the mean accretion efficiency in the AGN population 
is (e a )j0.2, corresponding to black hole spins a; 0.95. This also 
implies (e s ) ;0.1 and since this is comparable to the mean jet effi- 
ciency we deduced at high-z, it suggests a fundamental jet produc- 
tion mechanism that remains remarkably the same across the entire 
accreting SMBH population. 



4 CONCLUSIONS 

High redshift accreting black holes are rapidly spinning and pro- 
duce an enormous amount of power. The ubiquity of jets and 
outflow phenomena amongst accretion-powered sources provides 
clear evidence that not all of the accretion power is radiated away, 
as predicted by standard accretion disc theory. That is, for a given 
luminosity, the mass accretion rate of sources with jets is higher 
than that of sources without jets. This is because jets enhance an- 
gular momentum transport while minimizing mass loss. We have 



shown that the conditions required to grow a rapidly spinning black 
hole to a final mass w 10 9 M o by z ~ 6 are considerably more easily 
met for jet-enhanced disc accretion than for standard disc accre- 
tion. Our results indicate that while accreting black holes, on av- 
erage, liberate most of their energy in radiation, the most massive 
cosmological black holes may undergo rapid growth episodes asso- 
ciated with enhanced rates of mass accretion driven by intermittent 
jet activity. This is consistent with the observed correlation between 
radio-loudness and black hole mass in AGN. It also implies that jets 
may have provided an important means of angular momentum and 
energy transport in the high-redshift universe. 
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